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Due to the Coulomb interaction exciton eignestates in monolayer transitional metal dichalco-
genides are coherent superposition of two valleys. The exciton band which couples to the transverse
electric mode of light has parabolic dispersion for the center of mass momentum, whereas the one
which couples to the transverse magnetic mode has both parabolic and linear components. In this
work we present an experimental proposal to observe the signatures of linear component of the
dispersion. In particular, it is demonstrated that by pumping the system with linearly polarized
light the exciton transport is anisotropic compared to circularly polarized pump. We show that
the results persist for moderate level of disorder present in realistic systems. Finally, we demon-
strate that similar effects can be obtained for positively detuned exciton-polaritons, in less stringent
experimental requirements compared to bare exciton case.
I. INTRODUCTION
Graphene, single layer of graphite, has been the sub-
ject of intense research for over a decade due to its spe-
cial Dirac type bands arising from its honeycomb lattice
structure and its true two-dimensional (2D) nature1,2.
The main obstacle for utilizing graphene in optoelec-
tronics is the gapless nature of its bands, which is pro-
tected by inversion symmetry. Therefore, numerous
methods have been proposed to brake inversion sym-
metry of graphene and open a gap3. Nevertheless, the
gap obtained with this methods is usually small and
not suitable for near-infrared or visible light experi-
ments. Observation of a direct band gap in mono-
layer transition metal dichalcogenides (TMDs)4–6, such
as MoS2,MoSe2,WS2,WSe2, with the size of the order
of visible light frequency opened new avenues in this re-
gard. In TMDs, transition metal atom is coordinated
with six chalcogen atoms in trigonal prismatic geometry.
The lattice structure of TMDs is similar to graphene,
but the inversion symmetry is explicitly broken, because
of alternating metal and chalcogen atoms. It possesses
a gap in the range of 1.4 − 1.7 eV7 and due to the al-
most 2D nature strongly bonded excitons8–11. The bind-
ing energy reaches up to 500 meV, therefore excitonic re-
lated phenomena can be realized at room temperatures
in these materials. Similar to graphene, the low energy
band structure of TMDs consists of two degenerate val-
leys at the corners of the Brillouin zone (BZ). Since Berry
curvature has opposite sign for two valleys only one cir-
cular polarization of the light couples to the one specific
valley7. This makes TMDs attractive for valleytronic
applications. TMDs possess strong spin-orbit coupling
(SOC) originating from transition metal d bands, which
polarizes the spin direction at the top of the valence band
in each valley7. There is also spin splitting due to the
SOC in the conduction band, although it is of magni-
tude smaller compared to valence band12. Due to this
splittings the constituent particles of the bright low en-
ergy excitons at each valley are characterized with spe-
cific spin, which is opposite between the valleys. These
correlation between valley and spin indices can be uti-
lized for realizing both valley and spin coherence, which
was demonstrated experimentally both in low and room
temperatures13–16.
Exciton-polariton (EP)17–19 states are also extensively
studied in TMDs due to the large light-matter coupling
originating from tightly bound excitons. EPs are hybrid
quasiparticles comprised of exciton and photon, which
are realized when the system is placed at the antinode
of the planar optical cavity. Compared to excitons, EPs
have large coherence length, due to the spatial spreading
of the photon and are therefore, less susceptible to disor-
der scattering20. More importantly, because the masses
of the exciton and photon are very different by chang-
ing the cavity detuning, the effective mass of polariton
can be largely modified. In addition, the exciton part
of polariton results in an enhanced χ(3) (third compo-
nent of the electric susceptibility) nonlinearity, with con-
siderable polariton-polariton interaction. These peculiar
characteristics have found their realization in numerous
physical phenomena, such as optical spin Hall effect21–23
and Bose-Einstein condensation of polariton liquid24–26.
Due to the strong light-matter coupling in TMDs EPs
have been successfully realized in strong coupling regime
both in low and room temperatures27–29. More robust
valley coherence of EPs compared to bare excitons in
TMDs has been also demonstrated30–32.
A distinctive feature of excitons in TMDs, in compar-
ison with III-V and II-VI semiconductor systems (such
as GaAs, CdTe etc.), is in the form of their dispersion
as a function center of mass (CM) momentum. It is
now well established that due to the exchange interaction
the exciton bound states are superposition of excitonic
states in two valleys33–37. The lowest energy exciton is
described by a parabolic dispersion, whereas the higher
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2one has both parabolic and linear components (Fig. 1
(a))34–37. These two bands couple to the transverse elec-
tric (TE) and transverse magnetic (TM) components of
light, respectively. This novel excitonic band structure
is not experimentally verified yet. The direct measure-
ment of the exciton dispersion using EPs is hindered,
due to the fact that in currently accessible samples, for
momenta accessible in EP measurement, the energy gap
between two exciton bands is comparable to the exciton
linewidth. In addition, even though EP transport is less
sensitive to the disorder in the sample, the steep pho-
ton’s dispersion makes it harder to observe the signature
of linear component of excitonic bands in EP diffusion
measurements. In this work we propose a method to
observe the signatures of the novel form of the exciton
dispersion through anisotropic exciton transport. Partic-
ularly, we demonstrate that when the system is excited
with linearly polarized light, the non-polarized emission
is anisotropic, whereas it becomes isotropic for circularly
polarized pump (Fig. 1 (b)). This anisotropic trans-
port is robust against moderate levels of disorder poten-
tial. We also analyze the transport phenomenon for EPs
and show that similar anisotropic effect can be observed
also for considerably positively detuned EPs. For GaAs
type semiconductors both exciton bands are parabolic
and exciton transport is isotropic regardless of the po-
larization of the pump when similar setup is used as for
TMDs. There were several attempts to experimentally
probe exciton transport in TMDs using transient absorp-
tion microscopy38,39, direct charge-coupled device imag-
ing method40, spatially-resolved steady state and time-
resolved photo-luminescence41,42. Obtained experimen-
tal results were analyzed using 2D diffusion equation39,40,
which gives consistent results with the experiments for
non polarization resolved transport dynamics. In these
experiments on TMDs both excitation and detection are
not polarization resolved and also the system is pumped
with much larger energy compared to exciton resonance.
Polarization resolved transport of EPs with polarization
beats appearing at specific directions has been experi-
mentally demonstrated for AlGaAs quantum well with
pulsed laser pump43. Our results show that such mea-
surements on TMDs can reveal much more information
about the strong particle-hole interactions which lead to
the formation of excitons. This also points to the impor-
tance of improvement in quality of TMD samples.
The paper is organized as follows. In Sec. II we present
effective Hamiltonians for calculating exciton and EP dis-
persions. We also discuss time dependent Schro¨dinger
equations resulting from effective Hamiltonians and the
numerical procedure for simulating the transport dynam-
ics of the excitons and EPs. In Sec. III we present ob-
tained results derived from the framework outlined in
Sec. II and discuss the potential application of the sys-
tem in optical switch settings. Finally, we summarize
and present some concluding remarks in Sec. IV.
FIG. 1. (a) Schematic drawing of the band structure of
excitons in TMDs and (b) depiction of exciton transport when
the system is pumped with linearly polarized light (left) and
right circularly polarized light (right).
II. THE MODEL
The two dimensional structure of TMDs leads to weak
screening of Coulomb interaction and very large excitonic
binding energy. Theoretical studies of excitonic spectrum
in TMDs have shown that the interplay of their elec-
tronic band structure and Coulomb interaction leads to a
distinctive dispersion relation for excitons in TMDs34,35.
This excitonic band structure, for small center of mass
momenta, can be expressed using the following effective
Hamiltonian:
Hex(k) =
(
hex(k) S
−
ex(k)
S+ex(k) hex(k)
)
, (1)
where k = keiϕ, hex(k) = E
0
ex +
~2k2
2mex
+ αk, S±ex(k) =
αke±i2ϕ. Here E0ex corresponds to the energy of the ex-
citon at k = 0 measured from the top of the valence
band and this is the energy observed in photolumines-
cence measurements. In the calculation we use the val-
ues mex = 0.6m0 (m0 being free electrons mass) for ex-
citon effective mass and α = 90 meV · nm for SOC am-
plitude. The two spinor components of the Hamiltonian
(1) correspond to the two valleys or spins of the con-
stituent electron-hole of exciton. As was noted above op-
tical transitions in each valley couple to specific circular
polarization of light, therefore, equally Hamiltonian (1)
is written in circular polarization basis. It has two eigen-
values, the lowest in energy having parabolic dispersion
E1ex(k) = E
0
ex+
~2k2
2mex
, while the higher one has both linear
and parabolic components E2ex(k) = E
0
ex + 2αk +
~2k2
2mex
.
It can be shown that lower band couples to the TE and
upper one to TM linear polarized light34.
The Hamiltonian describing EPs can be written as
exciton-photon coupled system44
Hep(k) =

hex(k) S
−
ex(k) V 0
S+ex(k) hex(k) 0 V
V 0 hp(k) S
−
p (k)
0 V S+p (k) hp(k)
 , (2)
where photon is describe by a parabolic dispersion
hp(k) = E
0
p +
~2k2
2mp
with effective mass mp = 4×10−5m0.
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FIG. 2. The dependence of two exciton branches resulting
from (1) (a) and lower two EP branches from (2) for detunings
∆ = 0 meV (b), ∆ = 20 meV (c), ∆ = 60 meV (d) on absolute
value of in plane momentum k.
The non-diagonal term in photon part of the Hamiltonian
S±p (k) = βk
2e±i2ϕ (with double winding and amplitude
β) is due to the TE-TM splitting45 and we use the value
β = 47300 meV · nm2. Coupling amplitude between ex-
citon and photon parts of Hamiltonian (2) is related to
Rabi frequency Ω by V = ~Ω/2 and ~Ω = 20 meV. The
detuning of EP system is defined as ∆ = E0p −E0ex. The
Hamiltonian (2) has four eigenvalues, two of which in-
herit linear component of dispersion from excitonic com-
ponent, although observation of that linear component
for EPs depends strongly on detuning as will be discussed
below.
In order to calculate spatial dynamics of excitons we
numerically solve time-dependent Schro¨dinger equation
based on Hamiltonian (1), namely
i~
∂φR(r, t)
∂t
= hex(k)φR(r, t) + S
−
ex(k)φL(r, t)−
i~
2τex
φR(r, t) + U(r)φR(r, t) + PR(r),
i~
∂φL(r, t)
∂t
= hex(k)φL(r, t) + S
+
ex(k)φR(r, t)−
i~
2τex
φL(r, t) + U(r)φL(r, t) + PL(r), (3)
where φR(r, t) and φL(r, t) correspond to exciton wave
function in two valleys (or to the right and left circular
polarization, respectively). The double winding of S±ex(k)
accounts for orbital momentum difference between right
and left circularly polarized light. τex = 5.3 ps is the exci-
ton lifetime, U(r) is the disorder potential acting on the
excitons and PR(r) and PL(r) are the continuous-wave
(cw) pump terms for right and left circular polarization
respectively. The exciton disorder potential is assumed
Gauss correlated in space20,46,47
〈U(r)U(r′)〉 = σ2e−|r−r′|2/ξ2 , (4)
where we take correlation length ξ = 10 nm and σ is
the correlation amplitude. After discretizing the space
for numerical integration, the disorder potential can be
calculated by the formula
U(r) =
2σ
√
∆x∆y
ξ
√
pi
∑
r′
c(r′)e−2|r−r
′|2/ξ2 , (5)
where 〈c(r)c(r′)〉 = δrr′ and ∆x, ∆y denote discretization
steps in x and y directions respectively. We model the
pump by the Gaussian shape in momentum space22,48
PR,L(k, t) = P
0
R,Le
−(k−kp)2L2/4 iΓe
−iEpt/~
hex(k)− Ep − iΓ , (6)
where kp is the pump momentum, Ep is the pump energy,
Γ is the linewidth, L pump spot size. We take pump
energy Ep to be the zero energy of the system in order
to make pump term time independent.
As for the excitons similar time dependent Schro¨diner
equations can be written for polaritons:
i~
∂ψ(r, t)
∂t
= hp(k)ψ(r, t) + Sp(k)ψ(r, t)−
i~
2τp
ψ(r, t) + V φ(r, t) + P (r),
i~
∂φ(r, t)
∂t
= hex(k)φ(r, t) + Sex(k)φ(r, t)−
i~
2τex
φ(r, t) + V ψ(r, t) + U(r)φ(r, t), (7)
where now ψ(r, t) and φ(r, t) are two component spinors
(denoting the two valleys or two circular polarizations)
corresponding to wave function for photon and exciton
respectively. Similar to τex, τp = 1.3 ps is the photon life-
time in the cavity. In (7) the disorder potential is only
acting on exciton component of polariton and pump is
generating photons, which get converted into polaritons
through exciton-photon coupling. In this case pump has
also two components which determine the polarization of
the pump. Each component of the pump can be calcu-
lated by (6) by only changing the hex(k) in the denomi-
nator with corresponding polariton dispersion.
We numerically solve (3) and (7) on a 256 × 256 grid
in real space of the size 3µm × 3µm. For the terms in
Hamiltonian which are diagonal in momentum space we
do Fourier transform of the wave function from real space,
calculate the action of those terms and then transform
back44 using fast Fourier transform algorithm49. The
time step for integration of the equations (3) and (7) is
∆t = 10−4 ps and we run the simulation until the pop-
ulations of the particles stabilize (around 40 ps). For in-
tegration we use Adams-Bashforth-Moulton method49 in
nVidia CUDA GPU framework.
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FIG. 3. The dependence of the difference of group velocities
of two branches of exciton and EP shown in Fig. 2 on absolute
value of in plane momentum k.
III. RESULTS AND DISCUSSION
As was noted above one of the special characteristics of
the excitons in TMDs is the presence of the linear compo-
nent in the dispersion of one of the excitonic branch. Due
to the fact, that EP is a superposition of exciton and pho-
ton, it inherits this linear component of dispersion. Fig. 2
shows the dependence of the two excitonic and two lower
EP branches (for detunings ∆ = 0, 20, 60 meV) on ab-
solute value of in plane momentum k. The momentum
range presented in the figures correspond to the range
accessible in angle resolve absorption and photolumines-
cence experiments on TMDs. As was noted above and
can be seen from Fig. 2 (a) one of the branches has linear
dependence on momentum. Besides, both exciton ener-
gies have also parabolic term, which is extremely small
for the values of momenta considered and the lowest exci-
ton branch appears to be flat. The main objective of the
current work is to find experimental signature which will
unambiguously demonstrate the presence of the linear
component in exciton dispersion. In Fig. 2 (b-d) we also
present two lower EP dispersion for different detunings.
While linear component is present in the upper energy
branch for all values of detuning, it becomes pronounced
only for large positive detunings (∆ = 60 meV). This
is already an indication, that using EPs in the current
setup is not going to be as beneficial as is the case for
other setups involving EP transport (such as optical spin
Hall effect21,22), because the feature which we are inter-
ested shows up only for EPs which are comprised mostly
from exciton component. This is related to the fact, that
photon has extremely small effective mass compared to
exciton and although exciton has linear component in its
dispersion, for negative or close to zero detuning pho-
ton component will prevail already at extremely small
momenta, making the experimental observation of lin-
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FIG. 4. Exciton transport when pumped with x polarized
pump (a,c) and right circularly polarized (RCP) pump (b,d).
(a,b) correspond to the case without disorder, (c,d) for the
case with disorder with correlation amplitude σ = 0.15 meV.
ear component unrealistic due to the finite momentum
broadening of the pump.
The essential difference between linear and parabolic
bands which serves as a motivation for the experimen-
tal setup presented here is the difference between group
velocities of two branches close to k = 0 momentum.
In Fig. 3 the dependence of the difference of group ve-
locities (vg =
1
~
∂E(k)
∂k ) of two branches shown in Fig. 2
is presented on absolute value of in plane momentum
k. For the case of excitons the difference is constant
∆vg = 2α/~ ≈ 274.3 nm/ps. As was evident already
from Fig.2 for EPs the group velocity difference gets de-
creased for small momenta compared to exctions. The
peak at k = 3µm−1 observed for the group velocity dif-
ference of EPs is due to the TE-TM splitting of cavity,
which is parabolic. With the increase of the value of k
the EP becomes more exciton like and the group velocity
difference converges to the constant value for excitons.
In order to study large group velocity difference at
small momenta due to the linear component of the dis-
persion we propose exciton or EP anisotropic transport
experiment using polarized pump similar to the exper-
iment performed for AlGaAs quantum well43, although
for current setup polarization resolved detection is not
essential. The fact that excitons have finite lifetime and
group velocity difference due to the TE-TM splitting of
the cavity prevails at intermediate momenta for EPs the
form and energy of the pump plays essential role in cur-
rent setup. It is clear that pump should operate close
to the minimum of two branches of excitons or lower
EPs. Besides that for EPs it is desirable that pump spot
size to be large enough, so that momentum broadening
of the pump does not overlap with the TE-TM splitting
dominated region of group velocity difference. Finally,
the finite lifetime of exciton or EP poses upper bound on
5pump spot size, so that transport anisotropy region man-
ages to escape pumping region and is detectable in the
experiment. Therefore, we use the pump with parame-
ters Ep = E
0
ex (or equal to the lowest solution of Hep(0)
for EPs), kp = 0, Γ = 0.2 meV, L = 400 nm, P
0 = 104.
In Fig. 4 results of exciton transport are presented
when the system is pumped with x linearly (x denot-
ing the direction of linear pump polarization) and right
circularly polarized (RCP) pumps. The emitted light is
not polarization resolved. As can be seen from Fig. 4 (a)
for x polarized pump the obtained signal is anisotropic.
As was mentioned above the fully parabolic branch of
exciton couples to TE polarization, whereas the branch
which has both linear and parabolic components couples
to TM polarization of light. Therefore, when the sys-
tem is pumped with x polarized light it couples to upper
branch of excitons in x direction and lower branch in y
direction. Due to the fact that upper branch has larger
group velocity compared to lower branch this results in
observed anisotropy. At intermediate directions x polar-
ized light is not an eigenstate of the system and therefore,
polarization direction is rotated as excitons move away
from pumping spot due to the SOC of excitons. The
largest rotation happens at diagonal directions43. There-
fore, at intermediate angles the distance of propagation
depends on which proportion of its lifetime exciton is in
the eigenstate of TM polarization. For the case of RCP
pump shown in Fig. 4 (b), the signal is symmetric, be-
cause for all directions RCP light can be decomposed into
TE and TM components with equal amplitude, so TM
component is always present and dominates the propaga-
tion. It should be noted, that we have considered other
types of dispersions for excitons and anisotropic propa-
gation is only present for this special case. In particular,
in the initial work on TMD excitons33, it was argued
that the two excitons can be described with linear dis-
persions of Dirac massless particles. While it was later
clarified, that this calculation does not include intravalley
exchange interaction34,35,37, our current setup gives the
possibility to experimentally probe the actual dispersion
of excitons. When considering either linear dispersions
of Dirac massless particles or both parabolic dispersions
(as in III-IV or II-VI semiconductors) for two exciton
branches the signal is always isotropic when the pump
parameters described above has been used. As is shown
in Fig. 4 (c,d) the anisotropy is present also for the case
of disorder with correlation amplitude σ = 0.15 meV. In
current TMD samples disorder is quite strong and the
transport is dominated by the disorder, which makes
the observation of the presented anisotropic transport
cumbersome. Despite that, recent advances in sample
preparation and exciton diffusion measurement42 make
the transport signatures presented in the current paper
within experimental reach in upcoming years.
The anisotropic transport setup can also be using in
optical switch settings. In particular consider initial RCP
pump. As was noted above the propagation is isotropic
in this case. Now consider second pump at the same
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FIG. 5. EP transport when pumped with x polarized pump
(a,c) and right circularly polarized (RCP) pump (b,d). (a,b)
correspond to the case without disorder, (c,d) for the case
with disorder with correlation amplitude σ = 0.3 meV. The
detuning of EPs in the calculations is ∆ = 60 meV.
spot. If the second pump is again RCP and has the same
phase as initial one, the signal will not change. Whereas,
if the second pump is left circularly polarized (LCP),
then sum of two pumps will be x linearly polarized and
the signal will be anisotropic, which could be detected
perpendicular to the overall pump polarization direction.
Finally, we discuss whether this effect can be observed
for EPs. As was noted above the group velocity difference
close to k = 0 drops down considerably with the decrease
of detuning. Comparable group velocity difference to ex-
citons can be obtained for the detuning ∆ = 60 meV. In
this case at k = 0 the proportion of exciton component
of EP is 97%, so the impact of photon component should
not be substantial. In Fig. 5 the results of EP trans-
port are presented when the system is pumped with x
polarized and RCP pumps as in Fig. 4. As can be seen
from Fig. 5 (a) anisotropic transport is observed for this
case as well. Due to the photonic component of EPs, the
overall group velocities have increased, so that the signal
propagates at much longer distances than with excitons.
This makes the observation of the signal less troublesome,
because of the clear separation of the signal and pump
regions. In terms of disorder scattering, the usage of EPs
is preferred as well. This can be clearly seen in Fig. 5 (c,
d), where the anisotropy of the signal survives even for
disorders with correlation amplitude twice larger com-
pared to exciton (no transport anisotropy was observed
for exciton transport at σ = 0.3 meV). Therefore, this
clearly demonstrates, that despite the fact, that consid-
erably positively detuned EPs should be used in the ex-
periment to observe transport anisotropy, the usage of
EPs is preferred compared to bare exciton system.
6IV. CONCLUSIONS
In conclusion we have presented a method to experi-
mentally observe the peculiar structure of exciton disper-
sion in TMDs. In particular, we analyzed transport prop-
erties of excitons and EPs, when the system is pumped
close to the bottom of the quasiparticle band. Pumping
with linearly polarized pump resulted in anisotropic pho-
toemission compared to circularly polarized pump. We
showed that the effect is related to the large group ve-
locity difference between two branches of quasiparticles
due to the linear component of dispersion for one of the
branches. We have analyzed the effect of disorder on
the observed results and showed that the results persist
for the moderate levels of disorder in the system. Finally,
we demonstrated that similar effect should be present for
positively detuned EPs as well. The usage of EPs in this
regard is preferred over excitons, despite the fact that in
considerably positively detuned EPs the photon propor-
tion is small. Our results shows that upon the develop-
ment of better quality samples, exciton and EP transport
can be used to develop optical switches which does not
require the realization of superfluid phases. Given the
experimental observation of quantum coherent EPs in
TMDs, even at room temperature, applications of EPs
in these materials for development of quantum switches
is particularly interesting and deserves further studies.
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